The ability to detect these molecules and determine their relative distribution on the single-cell level shows that the C 60 -QSTAR 26 is a potential platform for studying important biochemical processes, such as neuron degeneration. The early appearance of this cell during development and its 67 conservation across evolutionarily related species hints to the 68 significance of this one unique cell.
a well-defined neural network, were imaged with secondary ion mass with in situ tandem MS analyses that were compared to reference spectra 21 obtained from purified compounds. In order to improve sensitivity on the 22 single-cell level, the tandem MS spectrum of vitamin E reference material 23 was used to extract and compile all the vitamin E related peaks from the cell image. The mass spectrometry images reveal 24 heterogeneous distributions of intact lipid species, PC(16:0e/18:1), vitamin E, and cholesterol on the surface of a single neuron. 25 The ability to detect these molecules and determine their relative distribution on the single-cell level shows that the C 60 -QSTAR 26 is a potential platform for studying important biochemical processes, such as neuron degeneration. 27 I maging mass spectrometry (IMS) is emerging as a powerful 28 tool in biochemistry for its ability to simultaneously acquire 29 chemical and spatial information directly off the surface of 30 biological materials. Currently, secondary ion mass spectrom-31 etry (SIMS), matrix-assisted laser desorption ionization 32 (MALDI), and desorption electrospray ionization (DESI) are 33 39 constraints associated with their probe size prevent the 40 techniques from achieving lateral resolutions below 10 and 41 200 μm, respectively. 9 SIMS is set apart from these techniques 42 due to its ability to achieve submicrometer lateral resolution. 43 Two regimes exist within the field of SIMS, static and 44 dynamic. In the dynamic regime, known as nanoSIMS, sub-50 45 nm spatial resolution is obtained for atomic and diatomic 46 species. In order to visualize the distribution of lipids or 47 biomolecules within a single cell, a method known as multi-48 isotope imaging mass spectrometry (MIMS) is used. 10 In the 49 static regime, the softer ionization dynamics characteristic of 50 cluster ion sources allow for the detection of intact lipid species 51 or metabolites; however, the spatial resolution is typically 52 between 100 nm and 1 μm. . The MALDI spectrum was normalized to the integrate counts of the maximum peak at m/z 746.5, and the SIMS spectrum was normalized to the integrate counts of the maximum peak at m/z 709.5. The assignments were confirmed with tandem MS. The relative intensities of each peak for SIMS and MALDI are compared. All peaks were present above the noise level. The symbol ++ denotes that the integrated intensity of the peak is 1−10 times greater than the same peak on the other spectrum, and +++ represents a difference in the integrated peak intensity greater than 10 times that of the same peak on the respective spectrum. Figure 2 . Glycerophosphocholines, e.g., PC(16:0e/18:1), are readily adducted to biological salts (i.e., sodium and potassium). In the gas phase, these lipid-adducted species lose a trimethylamine group from the phosphocholine headgroup to form a high-mass fragment [M + (K or Na) − TMA]. The tandem MS of the protonated lipid species, the sodiated lipid adduct, and the high-mass fragment associated with the loss of TMA are shown, and the common peaks are highlighted. The protonated lipid species provides less structural information than the respective sodiated and high-mass lipid species.
143 allows mass spectra to be collected during the sputtering. The 144 instrument also has a fiber-optic nitrogen laser for MALDI 145 acquisitions.
146
SIMS images were obtained in positive ion mode. Each pixel 147 was bombarded with a 10 pA C 60 beam for 1 s. The dimensions 148 for the R2 neuron image were 0.81 mm × 1.91 mm 149 (uncropped, 2 mm × 4.75 mm) at 10 μm step size. The rf 150 transmission in the quadrupole was weighted to improve the 151 transmission of ions in the lipid range: 5% at m/z 50, 25% at 152 m/z 140, and 70% at m/z 370. Tandem MS analyses were 153 performed in situ. In this analysis the precursor ion was selected 154 with unit resolution in the Q 1 mass filter and fragmented using 155 40 eV of collision energy. For MALDI analyses, the spectral 156 data was summed over 300 laser shots (15 Hz, 20 s) for tandem 157 MS mode acquisitions and 900 laser shots (15 Hz, 60 s) for 158 TOF-MS mode acquisitions.
159
Data Analysis. To eliminate background signal (i.e., high-160 mass SiO 2 clusters) from the SIMS images only pixels from the 161 sample region were used for the lipid-based spectral analysis. 162 The mass spectra were binned to 10 bins per dalton. A baseline 163 correction was applied to the SIMS spectrum using MATLAB. 164 Each spectrum was normalized to the intensity of the maximum 165 peak, unless otherwise specified. For imaging, the peak of 166 interest was mapped and the resulting image was smoothed 167 with a cosine filter (three pixel window). The images were 168 normalized first to the total ion image and then to their 169 respective maximum pixel intensity. 170 To measure the level of commonality between two spectra, 171 the aligned and binned spectra were correlated in MATLAB. In 172 addition, the percentage of peaks the TOF-MS and tandem MS 173 spectra have in common was determined by dividing the total 174 number of common peaks by the total number of peaks in the 175 TOF-MS spectrum (see the Supporting Information). There is an obvious difference in spectral clarity when 188 comparing the lipid region of the MALDI and SIMS spectra 189 (i.e., the MALDI spectrum contains fewer peaks and has less Two of these possible lipid species, PC(34e:1) and 256 PC(34p:0), are ether lipids, a subclass of glycerophospholipids. 257 Although structurally similar to acyl lipids, ether lipids are 258 produced from different starting materials, e.g., fatty alcohols 259 instead of fatty acids, and the biosynthetic pathway is distinct 260 from acyl glycerophospholipids. Structurally, the ether lipids 261 differ from typical glycerophospholipids by the linkage between 262 the glycerol backbone and the fatty hydrocarbon. Plasmalogens 263 are ether lipids with an O-alk-1-enyl glycerol fatty alcohol 264 linkage. These two lipids, PC(34e:1) and PC(34p:0), are 265 structural isomers. In order to distinguish them, the location of 266 the double bond needs to be determined. If the double bond is 267 located on the acyl fatty acid moiety then the unknown lipid is 268 PC(34e:1), and if the double bond is located on the ether 269 linked moiety then the lipid is a plasmalogen, PC(34p:0). The 270 tandem MS spectrum of sodiated-adducted lipid revealed which 271 fatty acid tail group contained the double bond. Vitamin E Distribution. Vitamin E is a lipid which has 339 been previously reported to be present on the surface of Aplysia 340 neurons.
27,28 Monroe et al. found vitamin E localized to the 341 junction of the cell soma and neurite, where it was believed to 342 assist in the transportation of neurotransmitters and other 343 important biomolecules from the location of synthesis (soma) 344 to their release site (synapse). 27 In this report, the localization 345 of vitamin E on the surface of the Aplysia neuron has a high 346 correlation (83%) to the yellow-orange pigment, carotef4 347 noids, 37,38 observed in the optical image (see Figure 4C) TOF-MS and tandem MS reference spectra were obtained 356 for vitamin E (α-tocopherol) using SIMS, Figure 4E The resulting image is shown in Figure 4D . Figure   f5 429 5. The ability to detect and elucidate the relative distribution of 430 both these molecules on a single cell shows that the C 60 -431 QSTAR is a potential platform for studying biochemical 432 processes, such as innate immunity, when applied to macro-433 phages. Since these cells are significantly smaller than the 434 Aplysia cells present here, methods to improving the sensitivity 435 of the system, such as tandem MS reference dot-product 436 projections, are needed.
437
■ CONCLUSIONS 438 A multimodal approach was used to characterize lipids on the 439 single-cell level. SIMS and tandem MS analyses were used to 440 identify PC(16:0e/18:1) as the dominant lipid species observed 441 on the surface of a single Aplysia neuron. Its partial localization 442 with vitamin E, which is strongly localized with a visible cellular 443 structure, may help to elucidate its role in cellular functions. 444 The results presented here show that the C 60 -QSTAR is a 445 useful platform for studying lipids. On the single-cell level there 446 is often a trade-off between sensitivity and lateral resolution. In 447 this report, sensitivity is improved by compiling analyte peaks 448 and their fragments, which are identified with tandem mass 449 spectrometry. This model system provides a good starting point 450 
